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An electron—positron beam—plasma instability
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Using a new technique to generate cold electron beams, an electron-beam positron-plasma
experiment was performed in a previously unexplored range of energies. An electron beam, formed
from a thermalized room-temperature electron plasma, is transmitted through a positron plasma
stored in a quadrupole Penning trap geometry. The transit-time instability, which is excited by the
beam, was previously studied using a hot-cathode electron gun. The large beam energies produced
by the cathode did not permit an investigation of the instability in the interesting range of energies
near its onset. Using a new 0.1 eV energy width electron beam, we have reinvestigated the system.
The experimental data are compared with the results of a theoretical model, also described in this
paper. The theory employs a linearized cold fluid and Vlasov approach to model the plasma and
beam dynamics, respectively. The data and predictions are in good agreement over the broad range
of energies and beam currents studied. 2@01 American Institute of Physics.

[DOI: 10.1063/1.1407284

I. INTRODUCTION argon and negative ions are created by electron attachment to
the sulfur hexafluoridé® Unfortunately, for the experiments
Electron—positron plasmas are examples of a larger classonducted to date, there was a rather large mass ratio be-
of equal-mass plasmafr pair plasmas that owe their tween the ion$140:40 for Sg and Ap, and so these plasmas
unique properties to the symmetry between the two oppogre not strictly equal-mass plasmas. Even if it were possible
sitely charged species. Electron—positron plasmas, in pafp obtain a more nearly equal mass ratio by the judicious
ticulal’, have been eXtenSiVely studied theoretica”y becausa‘]oice of gases, a fundamental problem remains: it is cur-
of their relevance in astrophysical contexts such as pulsaently impossible to entirely eliminate the small residual
magnetospheresThe linear properties of these plasmas aregjectron component, which can completely alter the proper-
well known?~* Their nonlinear properties are currently the ties of such plasmas, even in concentrations of less than 1%.
focus of theoretical and numerical investigations: Plasmas of this type are therefore properly considered to be
Studies of electron—positron plasmas in the 'aborator)fhree-component plasmas.
present substantial challenges to the experimentalist. Until Using another approach, Schermann and Major created

recently, insufficient numbers of positrons were available 10y, glectron-free plasma consisting of positive and negative
create even single-component positron plasmas. With the iNgns of (almos) equal mass in a Paul trap by ionizing thal-
troduction of a modified Penning—Malmberg trap and buffer-j,m iodide to create Tl and I ions2° The deconfining

gas techgique used for accumulating large numbers Oftacts of rf heating were overcome by the cooling effect of
positronst® it became possible to conduct the first electron—g light buffer gas, helium. For electron—positron plasmas

positron plasma experiments in a beam-—plasma Sygtem;this approach is much less attractive, because the cooling
Unfortunately, the accumulation of large numbers of posi-

) ) k X effect of helium for light particles will be minimal. This ap-
trons is possible only because of the outstanding confmemerbtroach may work, however, by using a molecular species
properties of Penning trap& which can confine only one ’ '

with a high inelastic cross section to provide the required

sign of charge. The creation of an electron—positron plasmanegy oss mechanism. On the basis of current knowledge
in the laboratory requires solving the classic plasma physicgt hositron—molecule collision cross sections, the vibrational

problem of neutral plasma confinement, and none of the Cursycitation of carbon tetrafluoride is the most attractive
rent configurations for confining neutral plasmas has sufficangigaté! In addition to the Paul trap, other approaches to
ciently good confinement for electron—positron plasmas. confine equal-mass plasmas have also been investigated, in-

One possible approach to creating equal-mass plasmas i,ding the use of combined trafsmagnetic mirror® and
to use positive and negative ions rather than electrons anghqiaq trap&*

positrons. Plasmas containing both positive and negative  Nonetheless, all of these techniques are still relatively

ions are relatively easy to create by the well-known method,,mjicated, and were not attempted for the experiments de-

of producing a hot-cathode discharge in a mixture of eleCyqyinaq in this paper. Instead, we approached the experimen-

tronegative and electropositive gases such as sulfur hexaflugy study of the electron—positron plasmas by investigating
ride and argon. Positive ions are created by ionization of they, . electron—positron beam—plasma system. This approach
involves transmitting the abundant specid® electronsin

dFirst Point Scientific, Inc., Agoura Hills, California 91301. a single pass through the scarce spe(ies positronscon-
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fined in a Penning trap. This permits us to take advantage of
the good confinement properties of positron plasmas in Pen-
ning traps, while still studying a two-component equal-mass
system.

The beam—plasma system is interesting in its own right.
The free energy in the relative streaming of the two species
can give rise to a variety of instabilities and consequent
plasma heating® These effects can be important in a variety
of laboratory, magnetospheric, and astrophysical plasmas.
Beam—plasma effects are currently being investigated theo-
retically for e!eCtron_pOSItron plasmas in the Conte?(t 0fFIG. 1. Schematic diagram of the transit-time instability experiment show-
wave generation and particle accelerafioh.The transit- ing the cross section of an ideal quadrupole Penning trap, truncated for
time instability, which is the subject of this paper, was firstconvenience. An electron beam is shown interacting with a positron plasma,
studied because of its potential as a source of microwayig¢ated on the trap axis.

radiation®®?’

The data described in this paper represent a second gefir hoth the cylindrical and quadrupole Penning traps are also
eration beam—plasma experiment. In our earlier experimentgliscussed.
an electron beam formed from a hot cathode was transmitted  This paper is structured as follows. In Sec. II, a theoret-
through a positron plasma stored in both a cylindrical andcal model used to describe the transit-time instability will be
quadrupole Penning trap geometry. In the cylindrical case, discussed. The details of the experimental apparatus and
two-stream instability was studied, which caused strongechniques used to perform the experiments are presented in
heating of the plasma. When the electron beam was pass&kc. Ill. In Sec. IV we discuss the experimental results and
through a positron plasma stored in a quadrupole Penningompare them with the theory. In Sec. V, future research
trap, the electron beam produced a transit-time instabilitdirections are described. Finally, a summary and concluding
that excited the center of mass mode in the plasma. Becausemarks are presented in Sec. VI.
of the large energy spread generated by the hot-cathode elec-
tron gun, both experiments were restricted to studying thél. THEORY OF THE TRANSIT-TIME INSTABILITY
instabilities at energies abovel eV. However, theoretical The transit-time instability described here is excited

predictions for both the cylindricl and quadrupolesee when an electron beam interacts with the oscillating field of

Sec. 1) trap geometries showed that the maximum growtha plasma center-of-mass mode. For this experiment a non-

rate and onset of the instability should occur below this eny . ¢ plasma is stored in a quadrupole well creating a

ergy. It was clear, therefore, that an electron beam with enter-of-mass mode, with a high-resonance. Figure 1
narrower energy spread would greatly improve our ability t0g,q\ys an idealized schematic diagram of the beam—plasma
study the instabilities in th<=T energy range near thelr. onset. experiment. For certain values @$,r, where o, is the
Unfortunately, _conventlonal methods used to iIMprovesanter-of-mass oscillation frequency, ands the charged
the energy resolution of a hot-cathode beam, sucBa8  aicles transit time through the positron plasma, energy can
filters and spherical deflectors will not work in the strong g extracted from the beam to drive the center-of-mass os-
magnetic field~1200 G needed for the radial confinement ¢jjjations. This instability is similar to the transit-time effects
of the positron plasma. In fact, one can show that for thgnat occur in diodes, triodes, and Klystrons used to generate
beam currents of the order needed for these experimengicrowave radiatiod®?” The following is a more detailed
(~0.31A), the lower limit of the energy resolution is 0.1 eV, description of the analytical theory used to model the system.
even for a nonmagnetized beéﬂ'it is, therefore, nontrivial A weak, cold electron beam is directed axia”y through a
to produce the required electron currents necessary for thgyid single species non-neutral plasma consistiny ppar-
beam—plasma experiment with an energy resolution signifiticles of chargey and massvl. The beam interacts with the
cantly better than 1 eV. We have been able to overcome thes®|d fluid normal modes of the plasma, in particular, the
limitations using a novel technique that we developed speaxial center-of-mass oscillation. In a quadrupole well the
cifically for producing a high-current cold magnetized elec-plasma center-of-mass mode has an oscillation frequency
tron beam(0.1 eV at 0.1uA). In this paper we discuss the corresponding to that of a single positron oscillating in the
first application of this beam, using it to further investigatewell. This frequency is given by,= «/8qV0/MZOZ, where
the transit-time instability for a positron plasma stored in a2V, is the potential difference applied between the hyper-
quadrupole well. New results are presented exploring the inbolic electrodes used to generate the quadrupole potential,
stability in the previously uninvestigated energy range downandZ, is a length parameter that is defined by the electrode
to the low-energy onset of the instability. These results argeometry(see Fig. 1%° For the experiments presented here
discussed along with a new analytical theory that accurately/,=0.025 statvolt$7.5 V) andZ,=12.6 cm, corresponding
models the system. The theory describes the plasma dynarte a frequency ofv,/2r=4.1 MHz.
ics using a cold-fluid approach while the perturbed beam In this section we determine the shift in the frequency of
density is modeled using a one-dimensional guiding-centethis oscillation due to the electron beam. We find that the
Vlasov equation. Possible future beam—plasma experimentsequency shift is complex, with an imaginary part whose
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sign depends on both the shape and size of the plasma as ,— (1-8)(&-d?), (8b)
well as the beam current and velocity. For certain combina-

tions of these parameters, the imaginary part of the frequenc§= VZp,— Ry, and a, and a, are constants obtained by

shift is positive, indicating instability. matching the interior and exterior solutions fe, :
We first consider the plasma equilibrium, and then ex- P
amine the dynamics. In the absence of the electron beam, the aoQS( @ ) _ szzp( 22A1 ) 94
plasma is assumed to be in a confined thermal equilibrium Ja?—1 3q a®Ag ’
state’ This state is described by uniform temperature and s
rotation frequencyn, , wherew, is given by the roots of the 0 ed _ Mw;Z5 [ Ay 9%b
equationw)= 2w (0.~ ;). At low temperaturegsuch that 22Q2 Ja?—1]  3q a?A; ) (9b)
the plasma Debye length is small compared to the plasma ) o )
size the plasma density is also uniform, given The spheroidal plasma equilibrium described above has

=Mw,(Q.— w,)/(27G?), where Q, is the cyclotron fre- @ large number of stable normal modes of oscillation. These
quency of the plasma charges. In a quadrupole trap, thaodes can be described analytically. The simplest mode, and

plasma shape is a spheroid, with diamet&, 2nd length the one of interest here, is the axial center-of-mass oscilla-
27, determined by the external trap fields, the rotation fre-tion. This mode consists of an axial harmonic oscillation of

quencyw, , andN,: the plasma cente_r of mass Withou_t any Ch_ange in_ plasma
shape. The resulting plasma potenig|(r,z,t) is described
FTNORZ, =Ny, (1) by a shifted equilibrium potential:
a)g ¢p(r,z,t)=¢p0[r,z—zc(t)]
2—5=As(a), 2
pr ) Z ) a(ﬁpo(rlz) (10)
~ rz)—Zy(t) ———,
where w,2)0=477q2n0/M is the plasma frequencya ool ol 9z

=Z,/R, is the aspect ratio of the spheroidal plasma, andvhereZ(t)=|Z,|cosw.z+ 6) is the center-of-mass position,

Asz(a) is the following function: ¢p,(r,2) is given by Eqs(6) and(7), and the Taylor expan-
20% a/a2—1 sion is warranted for smallinear oscillations, providing a
As(a)= ngaz—i)) ©) perturbed mode potentia@p(r,t) = ¢p(r,z,t) — ¢>p0(r ,2):
a2—
2
whereQ?(x), a Legendre function of the second kind, with Sp(r,t)= Mao? Z(t)z, (11)
the branch cuts chosen so thaf(x) vanishes forx—o. q

Equation(1) is merely a statement of the relation betweenijnside the plasma and
the volume and the major and minor radii of a spheroid, and

Eq. (2) arises from the equilibrium condition that the elec- ouip 1) = w§Z 07 Q2(¢;/d) 12
trostatic potential be independent within the plasma: d>(r, )= e c(t) p§2—Qg(a’/ pTs (12)

outside the plasma.

We now consider the effect of the electron beam on the
plasma equilibrium and dynamics. The spheroidal equilib-
rium plasma described above is perturbed to a new equilib-
2( , 1 2) rium when the electron beam is turned on. We are concerned

r=

a .
2L Poo(12) + e, 2)]=0, (4)

where ¢(r,2) is the quadrupole trap field:

1 Mw
Gexl(1,2)== - = (5) here with the stability of this new equilibrium. The form of
2 q 2 S .
. the new equilibrium is somewhat complex but fortunately,
and ¢',;‘O(r,z) is the equilibrium electrostatic potential due to for a weak beam, we do not require it in order to determine

the plasma alone, evaluated inside the pladma: stability. Nevertheless, a brief qualitative description of the
new equilibrium may be of interest.
_ Mw,zjo The electron beam has higher density inside the plasma
bpy(1,2)=— aq (Air?+AgZ%—2ARS~A3Z%), (6)  than outside, because the electron velocity falls off as elec-
trons approach the plasnihe external trap field is confining
andA;(a)=1—-As(a)/2. for positrons, repulsive for electronsThe density variation
We will also have need of the equilibrium plasma poten-of the beam acts to attract plasma positrons toward the trap
tial outside the spheroid: center along the magnetic field, with the result that plasma
density is enhanced in the region of the beam. The density
¢3zt(r,z)=aOQg(glld)+a2P2(§2)Q(2’(§1/d), @) enhancement is accomplished by a decrease in plasma

whereP,(x) is a Legendre polynomial & ,£,) are spheroi- length, creating “dimples” at the plasma en¢see Fig. 1

dal coordinates given in terms of cylindrical coordinates by,;o‘;va/er' ’l/lvhen<th1e beam_li:urrer%r:s tstjgﬂment:?f/ s;nall S(t)h
. <
the transformation atl,/(qN,w,)<1, we will see that these effects on the

plasma equilibrium can be neglected when examining ques-
z2=§:&,, (8a) tions of stability. Nevertheless, the increased axial confine-

Downloaded 05 Sep 2002 to 132.239.69.90. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 8, No. 11, November 2001 An electron—positron beam—plasma instability 4985

ment provided by the beam produces an enhancement to the eA, A a
real frequency of the center of mass oscillation, which we — w?=w2+ —J dzhy(z,t) —(z,t), (19
: ) MN,Z(t) 9z
will determine.
In order to evaluate the effect of the electron beam ONRyhere Ab is the cross-sectional area of the bea}j’b(Z,t)
the frequency of the center-of-mass mode, we first consider $p(r=0z,), and Np(z,t) is a radial average of the beam
the equation of motion for the plasma center of masét):  density. Substituting Eq10) into Eq. (19), we obtain

2

,n
MN,——o=F, +F (13) en, (= I p(2)
P de? Zext | ' Zpeant 2_ 2
ex eal 0 =y MN, %dz 772 (2)np(z,t)
whereFZext is the total force on the plasma in taelirection -
due to the external trap potential, aRd is the force due ey, * &¢po(z) N
beam + — dz nb(z,t), (20)
to the electron beam. Note that the plasma cannot exert a MN,Z(t) J - dz

total force on itself, and that we neglect the effect of image - o
charges. The external trap forBg_ can be easily evaluated where ¢y, (2) = ¢ (r=02). In the first integral, the pertur-

because of the quadratic form of the trap potential. This forcdation to the beam density can be neglected in linear theory,
is an integral over the plasma density: and we can také,(z,t)=n, (z), the equilibrium(radially
) averageglbeam density. In the second integral, we recognize
_ 3 Mo; thatn, (z) is an even function of, while d¢, /dz is an odd
Fe = d rqnp(r,t) z 0 Po
et q function of z Taking w=w,+Aw, we can therefore write
149 the frequency shift as a sum of two terms:

where the second equality follows from the definition of cen-

= —NpMw?Z(1),

Av=Awi+Aw,,

ter of mass.
Similarly, the force from the electron beam is where
ey 27
= — 3 — eA, © d’p (Z) "
Zpeam f d rqnp(rvt) (92 (rvt)y (15) A(l)]_:_ m dzg—z(;nbo(z) (21)
pWz J —o
when ¢ (r,t) is the potential due to the beam. This force is,
in general, out of phase withd.(t), causing growth in the and
center-of-mass oscillations. In order to investigate this, we . afﬁ (2) sh
treatZ.(t) as a complex variable: Ao eh S Po SNp(z,1) 22)
2 1
2MNyw, J - Jz Z.(1)

Zy(t)=Zpe'",

whereén;,(z,t) =ny(z,t) — Ny (2) is the perturbed beam den-

sity due to the mode. The physical significanceAe$; and

Aw, is clear:Aw; is the real frequency shift caused by in-

homogeneity of the equilibrium beam density. For uniform
q 3 Iy beam density, this term vanishesnced,, /dz—0 at =).

MNpZ(t) f d*rny(r.0) 9z (16) On the other hand) w,, is a frequency shift caused by beam

) ) _ ~dynamics in the presence of the mode. This frequency shift is

This expression can be put in a more useful form by appW'”onmplex in generafrecall thatZ.(t) is a complex quantity;

Poisson’s equation for the electron beam and the plasma, e will soon see thabn,(z,t) is also complek Note that

where w is the complex frequency of the mode, adg
=|Z,|€'? is the complex amplitude. Substituting Eq44)
and(15) into Eq.(13), we arrive at an exact expression far

w2=w§+

Vz¢p: —4mqny(r,t), (173 §ﬁ?(z,t)/zq(t) i_s a_finite _quantity, independent df,, in the
limit of an infinitesimal linear mode.
VZpp=4meny(rt), (17b In order to evaluate the frequency shift, we require ex-
) ) ) pressions for the equilibrium beam densiiy(z) and the
and integrating by parts several times: perturbed beam densityn,(z,t). If one assumes that the
e I t) beam is monoenergetic, with ener§y, these expressions

w2=w§+—f d3rny(r,t) ———=. (18)  are easily obtained. The equilibrium beam density can be

MNpZ(t) 9z written in terms of the beam velocity using continuity, as-

In the limit of a weak beam, the integral provides a smallSuming that the beam is not reflected at any point:
correction to the mode frequency. Since this term is already
small, we need not keep corrections #g(r,t) from the Np(z)= ——, (23
presence of the beam, and can therefore employ the analytic vp(2)
expressions Eq$10), (11), and(12). Furthermore, assuming \yherer is the (constant equilibrium beam particle flux. The

the beam is narrow compared R, allows us to replace peam velocity,(2) is determined by energy conservation:
the three-dimensional integral in Ed.8) by a single integral

inz Eo=3mv’—edy(2), (24)
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1.5 easily accomplished using the Vlasov equation for the beam
distribution, f,(z,v,t). As usual, the densitp,(z,t) is ob-
tained fromf via velocity integration:

ﬁb(z,t)=J dvfp(z,0,t). (29)

Breaking f,, into an equilibrium and a perturbation,
szfbo(z,v)+ 6f(z,v,t), the linearized Vlasov equation
reads as

sty 9 e d¢g 05, € 95¢ 9o,

+v— Sfy+
gt Vaz’P " mz v  m oz oz
(30

FIG. 2. Real frequency shif\ w,, of the center-of-mass oscillation caused where g I the perturbed potentlal due to the mode.

by the inhomogeneity of the equilibrium beam density, for a plasma aspect 1 NiS equation can be solved fof, using the method of
ratio of (®) @=1.1 and(O) a=1.4. The frequency shift is scaled by characteristics. The characteristicg'(t’), v’(t’) are
I,/eN,, wherely is the beam current anl, is the number of plasma defined by

charges, and is plotted versus the scaled transit Tme,Z, /v, .

dz'

FTa " (31
where ¢o(2) = pexr =0,2) + <A¢>p0(z) is the equilibrium elec- do' e ddby(z')
trostatic potential along the trap axis, given by E@8—(7). T (902’ ) (32)

Solving forv, assuming no turning points, yields

2E, with “initial” conditions z'(t)=z, v'(t)=v. In terms of

2e 2e
vp(2)= W+ H(ﬁo(z): \/vﬁpL HA¢0(Z): (250  these characteristics the solution i, reads as

. of
wherevi,= [ 2Ey+e¢y(0)]/m is the (constant beam ve- 5fb(z,v,t)=—%ft dt’aj, Sh(z' 1) bo(z’,v’) _
— 0 Z/

locity inside the plasma, and ¢o(2) = ¢o(z2) — $o(0). Us- v’
ing Egs.(2) and(5)—(7) for ¢ey and¢po, the frequency shift (33

Aw, can be expressed as Recall that in the expression for the frequency shift, @6),

Iy eM_, we requiredn,= [ dv 8f}, in the presence of a normal mode.
AwlquTwl( a’q_mT ) (26)  Since §f, is already a small quantity of ordeip, the fre-

P quency shift can be obtained to lowest orderdih by ne-
where |,=el'A,, is the beam currenty is plasma aspect glecting the effect oi5f,, on 6¢ in Eg. (33) and substituting
ratio, the dimensionless functio,(«,y) is given by the unperturbed normal mode potentialpp(z,t)

. =—Zoei“‘ta¢p0/¢92. We then make a change of variables
Wi (a,y)=1 L ey F(z,a), (27)  fromt’ to z’, writing
t'=t+ty(z,2',Ep), (34

Vp=0p/Vin, FEq/(Mwﬁ)aZ:ﬁpO/azz, z=2/Z,, and _ _ _
wherety(z,z' ,E;) is the time required to move fromto z’
for an electron of energi,:

N
o°

T=

Wz (28

<
=1

2 dzZ’
is half the transit time of the beam through the plasma, nor- to(z.2",Eo) = Jz vp(Z")’
malized by w,. For the case of interest hereM/gm=1
(positron plasma and electron beam w; is plotted versus anduv,, is implicitly a function of E, through Eq.(25).
the transit time for two different aspect ratios in Fig. 2. As Equations (34) and (35 imply that dt’
expected from our previous qualitative argumefitp, is  =dz'/v,(z',Ep). This result, together with E431), implies
positive as the beam inhomogeneity creates an extra potep! =v,(z',Ey), which, in turn, allows us to write
tial well for the plasma. AlsoA w, approaches zero in the
limit of a stiff beam,T— 0, where the beam density becomes 7
zindependent. v’

In order to determine the frequency shifiw, due to

beam dynamics, an expression is needed for the perturbedhere we have used Eq®4) and(25). The perturbed beam
beam density due to the plasma oscillation. This is mostlensity may then be written as

(39

Jv
Cov’

z'.z

J
dv

z'z

Ub(Z,) J
,_ v Jdu
z'.z

: (36)

z'z
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Shp(z,t)= f dv 6t (z,0,1)

e (z q ,ﬂ2$p0(2,)
ﬁﬁx 27472

* do
=
— U

0

X efiw[t+to(z,z’,Eo)]

J
X o2 (v,2',2)]

(37

z'.z

We now integrate by parts in und use the fact that phase
space area is conserved in the evolutionfgf, so that

fo,(2',0")=Fp (z,v). This yields
~ e z , (92(})p0(zr)
onp(z,t)=— Ezc(t) f_wdz T

©

X f dl)be(Z,U)e_iwtO(Z'Zlqu)

w[ oL @9 sk 38
2 750(2.21 0)2’2, (38

where Eg=Eq(z,v) through Eq.(24). The derivative oft,
appearing in Eq(38) can be written as

7/
—vf
z

where we have used Eg&5) and (25) together with the
expressionyEy/dv),=mu, which follows from Eq.(24).

dz’

%(Z,Z .Eo) mz—vtl(z,z ,EO),

(39

z'.z
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5+

A, (units I,/ e N,)

-15

T

FIG. 3. Real(dashed linesand imaginary(solid lines parts to the fre-
guency shiftAw, of the center-of-mass oscillation in the presence of an
electron beam, for a plasma aspect ratid®@j «=1.1 and(O) a=1.4[see
Eq. (41)]. The frequency shift is plotted versus the scaled transit fime
=0, Zylviy.

T3x

2

[

dz

Wl e TO= 5 |, oozt

G(z,@)

X f © dZe ToET ax R )

- 1
X| =iTty(z,2,a,xT?) + —— ,
iTt1(z,2',a,XT?) vb(Z,a,XTz)
(42
and where, as before,z=2/Z,, vp,=vp/lvi,, F

=q/(l\/|w§)f72;{>p0/r9£2, and T=Z,w,/vip. Also, G=q/
(Mw3Zy)dp, 102, to=toZylvin, andt;=t,Z,/v}, where

Equatiqn(38) is a general gxprgssion for' the perturbedtO andt, are given by Eqs(35) and(39). The dependence of
beam density caused by an oscillating potential, good for any,o scaled variabIeEJ, 1 andu,, on aspect ratiar and the

equilibrium beam distributiorﬁbo(z,v) (provided that no re-

flections of beam particles ocqurThe equation simplifies
further when a monoenergetic distribution is usqg)(z,v)

=ny(2) S[v—v,(2)]. An evaluation of the velocity integral
then yields.

. el’
ony(z,t)= ch(t)

z
|

X

e—iwto(z,z’ .Ep)

P o (2')
dz’p—O,

0z

(40)

1
v_ﬁ_iwtl(Z'Z,,EO)) s

where we have used E@3).
When Eq.(40) is substituted in our expression for the
frequency shiftAw,, Eq. (22), we obtain

eM
lq_ml

where the dimensionless functid, is given by

I
sz—q_Np\Nz( a,T (41)

combination eMT?/(qm) follows from the definition of
vp(2), Eq.(25), and the form of the equilibrium trap poten-
tial, Egs.(2), (5)—(7).

The frequency shift is plotted in Fig. 3 as a function of
the scaled transit tim& for two values of the plasma aspect
ratio, «=1.1 anda=1.4, and foreM/gm=1, the case of
interest for an electron—positron system. The real part of
Aw,, together withAW,, determines a shift in the real fre-
quency of the center-of-mass mode, while the imaginary part
of Aw, determines the growtlifor the positive imaginary
part or damping(for the negative imaginary partaused by
the beam. For short transit timgkigh beam velocity the
mode is unstable, with growth rate scaling &5 This fol-
lows from Eq.(42), takinge'Tto=1,t,=7"—7, andvy=1.

For longer transit times, the growth rate and frequency shift
display growing oscillations, reflecting the role of phase in-
terference between perturbations in the beam and the normal
mode oscillation.

IIl. DESCRIPTION OF THE EXPERIMENT

Figure 4a) shows a schematic drawing of the beam-—
plasma experiment. The apparatus consists of a cylindrical
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FIG. 5. Axially integrated radial density profile of a plasma containing
1.3x 10’ positrons(solid line). Also shown is the radial profile of the elec-

FIG. 4. (8) Schematic diagram of the beam—plasma experiment showing théron beam(dashed Im? which 1S formed from a cold plasma_contalnlng .1
22 . %X 10° electrons. As discussed in the text these profiles indicate a positron
Na positron source and moderator, movable hot-cathode electron source

magnetic field coil, imaging system, and trap electrode structuig<Ex- plasma diameter oD,=2.4cm and an electron beam diameter bf

panded diagram of the cylindrical and quadrupole Penning traps. Each trafﬁo'4 cm.

consists of three electrodes from left to right, referred to as the entrance-
gate, dump, and exit-gate electrodes. The quadrupole trap also has a small
pickup electrode located near the positron plasitjaSchematic diagram of
the potential profile/(z) used to contain the electrons and positrons in their

respective potential wells. such as the Debye length and the dimensions of the charge

cloud. These parameters were not measured directly, but in-
ferred from measurements of the axial-integrated plasma
Penning—Malmberg trap coaxial with a quadrupole Penninglensity profile. This is accomplished by dumping the plasma
trap. Both traps are enclosed in the same vacuum vessel aptito a phosphor screen biased +d0 kV, which is then
in the same confining magnetic fieldB£1200G). As imaged using a charge-coupled devi€CD) camera[see
shown in Figs. 4) and 4b), the cylindrical trap is the third Fig. 4@]. The solid line in Fig. 5 shows a typical axial-
stage of a three-stage trap designed to capture positrons froimiegrated radial density profile of a plasma containing 1.3
a radioactivity source. The details of the first two stages are< 10" positrons. The dashed line represents the narrower
described in Ref. 32 but are not relevant to the present papetensity profile of the electron beam, which will be described
The procedure for conducting the experiment can bén Sec. lll B. The radial density profile of the plasma is used
split into three phaseg1) the accumulation of a cold posi- as input to a Poisson—Boltzmann equilibrium code to calcu-
tron plasma, which is stored in the quadrupole trép;the late the spatial distribution of the positrons in the trap.
accumulation of a reservoir of thermalized electrons stored in ~ The results of this calculation are displayed in Figr)6
the cylindrical trap, and the extraction of an electron beamwhich shows the positron number density as a function of
from this reservoir; and3) the measurement of the excita- position in the plasma. This analysis yields a plasma length
tion of the transit-time instability in the positron plasma by of L,=3.4 cm full width half-maximumFWHM) and a di-
the electron beam. A more detailed explanation of these threameter of D,=3.2cm FWHM. These dimensions corre-
phases is presented below. sponds to a plasma aspect ratioaot L,/D,=1.1. We note
that the plasma diameter calculated in this way is slightly
larger than the plasma diameter obtained from the data
A high-energy positron from a 90 m&fNa source are shown in Fig. 5. This is due to the line-integrated nature of
moderated to about 1.5 eV using a solid neon modefag® the CCD camera image, versus the three-dimensional posi-
Fig. 4@].* The moderated positrons are then trapped in théron density profile shown in Fig.(8).
three stage cylindrical penning trap at a rate of B® pos- Figure 6b) compares the positron number density as a
itrons per second by a series of inelastic collisions with aunction of position along the trap axis of symmetry for the
nitrogen buffer gas®>234A plasma containing 1:610” pos-  results of the Poisson—Boltzmann simulatigolid line) and
itrons is accumulated and then shuttled into the quadrupolthe profile used in the theoretical calculati@uwotted ling. In
trap at an efficiency of 80%. The plasma in the quadrupoléhis case the length of the flat-top profile used in the theory
trap cools to room temperatu(8.025 e\ in approximately was determined by the FWHM of the Poisson—Boltzmann
1 s by further collisions with the nitrogen buffer gdsThe  profile. For more details see Sec. IV. The figure indicates a
buffer gas is then pumped out to a base pressure of Bentral plasma density of,=6X 10°cm 3, yielding a De-
X 10" °Torr in 10 s. bye length ofAp=1.5mm. Comparing the Debye length
In order to confirm that the accumulated positrons are irwith the plasma dimensions, we see that<L,, A\p<D,,
the plasma state, it is necessary to obtain plasma parametersd Np~ 10*>1, whereNp is the number of positrons in a

A. Positron plasma formation
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2 -1 0 1 2 the potential when all the positrons have been expelled, re-
axial position (cm) spectively. For the plasmas used in this experiment, a space

charge of 1.6 V is typically measured. In order to verify this
FIG. 6. (a) Contour plot of the density of a 810" positron plasmain direct measurement of the space charge, the Poisson—

units of 1x 10f cm™3) stored in the quadrupole wellb) A comparison of . .
the positron number density along the trap &sislid line) obtained by the Boltzmann code was used to calculate it. Figure 7 shows the

Poisson—Boltzmann calculation atdashed lingthe distribution assumed ~Potential profile of the quadrupole trap along its axis of sym-
in the theoretical calculation. metry with and without a positron plasma present. The dif-

ference between the two curves represents the positron
plasma space charge of1.3 V for a plasma containing 1.3
Debye sphere. Thus, the charge cloud satisfies all of the con< 10" positrons. The discrepancy between the space charge
ditions to be a single-component plasma. As discussed imeasurement and calculation may be caused by uncertainties
Sec. Il, some of the aforementioned plasma parameters can the measured total number of positrons, which is needed
be obtained by the magnetic field strength, total number ofn the Poisson—Boltzmann code. Another possible source of
trapped positrons, and quadrupole trap paramefgrand  error is the measurement of the start and stop of the dump,
V. A comparison between these derived parameters and thgie to the sensitivity of these measurements in determining
measured parameters is shown in Table I, and good agreehe space charge potential.
ment is observed.
The last parameter needed fpr the analysis of th_e gxperig_ Cold electron beam formation
ment is the space charge potential of the plasma. It is impor-
tant to determine this parameter because it affects the energy Following the accumulation of a positron plasma in the
of the electron beam as it passes through the pldse@mSec. quadrupole trap, a cold electron beam is generated. This re-
Il C). The space charge potential is determined by dumpingluires two steps. First electrons are accumulated in the cy-
the plasma and measuring the potential difference on thbndrical Penning trap, shown in Fig(l), and then this res-
dump electrode at the start and stop of the dump, as definefvoir of electrons is used to form an intense cold beam. A
by the potential when the positrons start exiting the trap andiot-cathode electron gun is used as a source of electrons. The
extraction voltage on the electron gun is set so that the emis-
sion current is~2 uA. The electrons are injected along the
TABLE |. Summary of the positron plasma parameters. magnetic field into the cylindrical trap, where they are
trapped without the use of a buffer gas via electron—electron

Parameter Derived Measured . . . . .
collisions. Using a nitrogen buffer gas while accumulating
Dy (cm) 3.48 3.2 the electrons does increase the trapping efficiency. Unfortu-
L, (cm) 3.37 3.4 nately, this also greatly accelerates the radial transport, re-
ﬁsz/DP 0.'?7 1131>< 1 sulting in an increased electron beam diameter, which should
n, (cm™3) 6.1x 1P 6 10 be small compared to the positron plasma size. In order to
Ap (mm) 15 maximize the trapping efficiency without a buffer gas, the
B (G) 1200 depth of the confining well is gradually increased as the
Qf2m (GHz) 2.8 plasma space charge builds up, so that an approximately con-
ZP//ZZ;T ((,\'\:EZZ)) 1:2 42 stant trapping potential is maintained. While the electrons are
w:,zﬂ(KHz) 8.8 being trapped, the potential on the exit-gate electrode of the

cylindrical trap is set sufficiently low so that the hot-cathode
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electron beam is separated from the positron plasma stored in time (ms)

the adjacent quadrupole trap. A final well depth of 90 V is
reached in~1 s, confining an electron plasma ofxa0o® FIG. 9. Beam current extracted from a room-temperature electron plasma
! using (a) a linear voltage ramp to dump the plasma dghgdan optimized

electrons with a space charge of 90 V. Th_e ”apl?ed eleCtronfamp voltage waveform. Note the faster current rise=@ 1s) and stable
then cool to room temperature by collisions with the sur-current thereafter irtb).

rounding neutral background gas.

After an electron plasma has been accumulated in the
trap, a cold beam is generated by continuously reducing ththe beam currents achievable with such a small energy
depth of the potential well confining the electrons. As thespread are not sufficient to excite a measurable instability in
magnitude of the potential well decreases, the electrons athe positron plasma. We therefore chose to use an electron
forced over the exit-gate electrode, which sets the electrobeam current~0.1 ©A), which is large enough to excite a
beam energysee Fig. 4c)]. The entrance-gate electrode is measurable instability, but still small cnough to measure the
set 1 V below the exit-gate electrode to ensure that the elegrowth rate in the energy regime of interest.
trons leave via the exit-gate electrode. To accurately study the electron-beam positron-plasma

The energy distribution of the beam is measured using &ansit-time instability, the rise time of the electron beam
cylindrical retarding potential analyzéRPA). Electrons that current,t, must satisfy the conditioh,<1/y, wherey is a
pass through the RPA are collected on an aluminum plateypical growth rate of the instability5x 10*s™1), and the
which is biased slightly positively~2 V) to ensure that all beam current must remain constant over the duration of the
of the positrons are collected. A potential bias much largeinteraction. Figure 9 shows the beam current as a function of
than this was avoided, since it can cause secondary electraéime using two different voltage ramps on the dump elec-
emission from the plate, which leads to an apparent increaseode. A simple linear ramp results in a rather slow current
in the beam current. A 3(& shunt resistor is used in con- rise time of over 1 m$e.g., see Fig. @], and so it is not
junction with a voltage amplifier to measure the beam cursuitable for studying the instability. A faster rise time is gen-
rent, which is recorded on a digital oscilloscope. Care muserated by modifying the dump waveform in the following
be taken while measuring the energy distribution of the elecmanner. The total charge dumped from the well at any given
tron beam in a magnetic environment. In particular, when théime during the beam extraction depends only on the dump
beam is partially reflected by the analyzer electrode, the revoltage at that time. Therefore, the time-integrated current
flected particles interact with the incident beam, causing di.e., the total chargeresulting from a linear ramp beam
space charge to build up. This increased space charge cadnmp can be used as an inverse lookup table to find the
push electrons through the RPA, which would appear as adump voltage required to achieve an arbitrary current wave-
increase in the energy spread of the beam. To minimize thikorm. Figure 9b) shows a typical beam current waveform
effect, the retarding energy analyzer is raised for only a shomised in the experimenrt.|t is generated using the dumping
time (~10 ws) and then lowered to release any chargeprocedure described above to produce a quick current rise
buildup. Figure 8 shows the energy distribution of a typical(t,=3 us) and=0.08 uA current thereafter.
beam(0.10 eV FWHM used in this experiment. Using the It is also important that the beam diameter be small com-
technique described in this section, it is possible to generateared to the plasma diameter. This is accomplished by forc-
a magnetized electron beam with an energy resolution as loing the electron beam source diameter to be small compared
as 0.018 eV>*%For the experiment described here however,o the positron plasma, since the extracted electron beam
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diameter is directly related to the size of the electron source. 1.0
To do this a 2.9 mm aperture is located in front of the hot- )
cathode electron gun. Figure 5 compares the radial profiles € 08¢
of the electron beam and positron plasma. The figure indi- g
cates an electron beam diameRy=2 mm. Thus, there is S osf
little radial expansion during the beam formation process, 3
and the electron beam’s diameter is smaller than that of the % 04+t
plasma’s, thereby fulfilling the assumptions of the model pre- E
sented in Sec. Il. 0 02}
0.0 - : ! ' !
C. Beam—plasma experiment 30 40 50 60 70 80 90
The beam—plasma transit-time instability is studied in time (us)

. . 7 .

Fhe following m_anner' F'rSt’ a plasma of X80 pOS'UP”S FIG. 10. Atypical rms amplitude from the pickup electrode signal, showing
is accumulated in the cylindrical trap and transferred into thenhe growth of the transit-time instability excited by an electron beam tra-
qguadrupole trap. As the positron plasma cools to room temversing a po;itron plasma stored in a quadrupole Per)ning trap. The inset
perature, the hot-cathode electron gun, which is located off"oWs the pickup electrode signal on an expanded time scale aisg0

. . . . . illustrating the individual center-of-mass oscillations at a frequency of
axis for .the positron filling phasgsee F!g. 4a)], is movgd 4.2 MHz.
into position, and an electron plasma is accumulated in the
cylindrical well. Figure 4c) shows schematically the poten-

tial profiles generated by the cylindrical and quadrupole traps

, . uadrupole trap, the timing of the seeding is not critical, and
that are used to confine the electron and positron plasma i
. . can be done as much as a few milliseconds before the elec-
respectively, along with the space charge of both plasm

(indicated by shadingAfter the electron and positron plas—asfOn beam flfs turr;‘ed on. To ednsure tnat the seeding procehssel(s
mas have cooled to room temperature, an electron beam Isoes not affect the measure grov_vt rat_e_, a systematic chec
. : .. was performed by measuring the instability growth rate with
generated and magnetically guided through the positron d without actively seeding the plasma in an enerav regime
plasma. As the electron beam traverses the positron plasm%ln W vey g b gy reg
L o . Where the seeding was not necessary.
the transit-time instability causes the center of mass oscilla-
tions to grow in amplitude. The oscillations are detected us-
ing a pickup electrode, shown in Fig(b}, which measures IV. RESULTS
the oscillating image charge generated by the positron
plasma. Figure 10 shows a typical rms signal from the pickup
After each cycle, the beam energy is adjusted by varyinglectrode as the electron beam passes through the positron
the potential on the exit-gate electrode of the cylindrical trapplasma. The inset shows a 248 long time record of the
The energy of the electron beam relative to the positrorpickup electrode signal, illustrating the individual oscilla-
plasma is denoted in Fig.(@ by E,. The relative beam tions at 4.2 MHz. As discussed in Sec. Il, the plasma center-
energy is the sum oéV; andeV,, whereV; is the space of-mass mode has an oscillation frequency corresponding to
charge of the positron plasma, akg [which is negative in that of a single positron oscillating in the potential well and
Fig. 4(c)] is the potential difference between the dump elecAs predicted to bev,/277=4.1 MHz. The difference between
trode of the quadrupole trap and the exit-gate electrode of théhe calculated and measured frequencies is likely due to
cylindrical trap. For example, if the dump and exit-gate elecssmall departures from the ideal quadrupole geometry.
trodes of the quadrupole and cylindrical traps were both at The electron beam is turned ontat 0 exciting the in-
the same potential, the electron beam energy through th&ability in the plasma. Some time later the amplitude of the
positron plasma would beV. center of mass oscillations begins to grow out of the noise in
As we discuss in the next section, in an earlier study ofthe center of mass mode. After the initial exponential growth,
the transit-time instabilit}/ the measured growth rates were the growth rate of the center-of-mass mode decreases, caus-
an order of magnitude larger than they are for the currening the amplitude of oscillation to overshoot its final value
experiment. Consequently, when the electron beam passeuhd then eventually stabilizenot shown in Fig. 10 In the
through the plasma, any noise in the plasma could act as earlier study of the transit-time instability, the initial
“seed” for the growth of the instability. In the current ex- growth phase was also followed by a decay phase. Using a
periment, the lowest growth rates are not large enough tg-ray detector, it was determined that the decay in this case
ensure that the center of mass mode can grow above theas due to the ejection of positrons from the quadrupole trap
detection amplifier noise before the reservoir of electrons isvhen the plasma oscillations became so large that they were
depleted. In these cases, we found it essential to activelgo longer confined by the potential well. We note that the
“seed” the center-of-mass mode to some small amplitudgpotential well confining the positrons wast eV deep, and
before the electron beam is turned on. This is accomplishethe electron beam energy used was only 1-2 eV, so that
by applying a sinusoidal signal, at the same frequency as th@ome of the positrons must have been accelerated to energies
center of mass mode-4.2 MH2), to the entrance gate of the much larger than that of the relative beam energy. A particle-
qguadrupole trap. Because of the hi@hproperties of the in-cell simulation confirmed this, showing that the center-of-
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10 We do not have a complete understanding of the remain-
ing discrepancies between theory and experiment. Adjusting
o the plasma length might be justified for two reasons. First,
because the plasma length affects the beam transit time, the
instability is quite sensitive to this parameter. Second, there
are a number of systematic errors that make the determina-
tion of the plasma length difficult. The Poisson—Boltzmann
code requires a humber of input parameters to calculate the
plasma density, and therefore the plasma length. These in-
clude the total positron number, positron radial profile,
plasma temperature, and accurate modeling of the electrode
structure. A systematic error in any of these parameters can
alter the calculated length. For example, if the number of
K trapped positrons was larger than that measured, the plasma
00 02 04 06 08 10 12 14 16 18 20 space charge potential would increase, thereby increasing the
energy (eV) plasma length. However, this cannot entirely explain the re-
sults because an increase in the positron number would de-
FIG. 11. Growth rates for the beam—plasma interaction in the quadrupolgregse the magnitude of the predicted growth rate, and the

trap. The solid and open circles are the data using a 0.03 and/A08 . . .
electron beam, respectively. The dashed and solid lines are the results of t;ﬁeqreemem between the theory and experiment in this respect

cold-fluid theory of Sec. Il with a 3.2 cm plasma diameter and a plasmdS quite good.
aspect ratio otv=1.1 anda=1.4, respectively. Another difficulty in determining the plasma length is

illustrated in Fig. 6b). In the theory a flat-topped density
profile is assumed.e., a cold plasmaHowever, this clearly

mass mode, could cause the ejection of positrons from thdoes not correspond to the density profile of the experimental
trapt’ plasma, which is at room temperature. Thus, there is no in-

In the present experiment, we decided to study the systrinsic reason to believe that the choice of plasma length
tem in a lower growth regime, where wave saturation occurequal to the FWHM of the experimental plasma is strictly
before the particles were ejected from the trap. To accomeorrect. Here again, this cannot entirely explain the results,
plish this, beam currents were used that are an order of magpecause the best fit corresponds to a plasma length of 4.5 cm,
nitude smaller than in the earlier experiment. This resulted irwhich appears to be too large to fit the experimental results
small-amplitude plasma oscillations. We verified using afor the growth rate.
y-ray detector that these oscillations do not eject positrons It is also interesting to note that by adjusting the absolute
from the potential well, and therefore the overshoot and satuvalue of the beam energy, the agreement between the experi-
ration of the center-of-mass mode must be caused by an efrental and theoretical predictions for the=1.1 case is
fect other than positron ejection. The most likely possibility greatly improved. For example, by decreasing the assumed
is that nonlinear plasma effects are responsible for the obbbeam energy by 0.1 eV, a much better fit is obtained. Deter-
served saturation. We have not yet carried out a detailethining the absolute value of the beam energy relies on an
study of the saturation, but believe that it is likely to be anaccurate knowledge of the positron space charge potential
interesting area of further research. and the potential difference between the exit-gate electrode

Figure 11 shows the measured instability growth rate agnd quadrupole well potentigsee Fig. 4. Uncertainties in
a function of beam energy for two beam currents. The prethe space charge potential could cause discrepancies on the
dictions of the cold-fluid theoryi.e., Sec. I}, are also shown order of 0.1 eV. This implies that the discrepancy between
for a fixed plasma diameter of 3.2 cm and a plasma length athe theory and experiment could be due to an energy offset
3.4 and 4.5cm, i.,eq=1.1 and 1.4, respectively. For a direct and not to an error in the measured plasma length. We find,
comparison of the results of the theory shown in Figs. 2 andhowever, that the agreement obtained by adjusting the
3 with the data shown in Fig. 11, we note that the range oplasma length is still better than that obtained by adjusting
energies studied heri.e., 0.2—2.0 eV¥ corresponds to the the absolute energy.
range of scaled transit time§, of 1.75-0.5 fora=1.1, and To summarize, the absolute agreement between the ex-
2.23-0.75 fora=1.4. There is qualitative agreement be- perimental and theoretical results is reasonable, even with no
tween the theoretical and experimental results de¥1.1, fitted parameters. When the length parameter is adjusted, the
which is the aspect ratio determined by the Poisson-agreement over the entire range of beam energies studied is
Boltzmann simulation and similar to the aspect ratio deterquite good. The agreement with the cold-fluid theory implies
mined by the theorysee Sec. IllA. A much better fit is that the system acts like a transit time oscillator, exciting a
obtained by adjusting the plasma length. The solid line inhigh-Q oscillation of the center-of-mass motion of the
Fig. 11 shows the best fit, which occurs for a plasma lengttplasma. The theory also predicts that the instability growth
of 4.5 cm. Note that adjustment of only this one parameterates scale linearly with beam currents, which is confirmed
results in good quantitative agreement between experimeitly the datasets taken with beam currents of 0.03 and 0.08
and theory for both the shape and the amplitude of theuA. Our previous experiments were limited by large beam
growth rate at both values of electron beam current studiecenergy spreads to studying the instability at beam energies

growth rate (10*s™)
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above the maximum in the growth rate. The new cold electhe instability through the maximum in the growth rate. We
tron beam has allowed us to study the instability over thealso developed a detailed theoretical model of the transit-
entire range of interest, from onset through the maximuntime instability. An absolute comparison of the data with the

growth rate and beyond. results of the cold-fluid theory shows reasonable agreement
over the entire range of energies and beam currents studied.
V. POTENTIAL AREAS FOR FUTURE WORK The experiments presented here represent further studies

of the electron—positron beam-plasma system. To our

There are a number of experiments that can now be pe'k'nowledge, these experiments are the only ones currently

formed to increase our understanding of the electron-bearBeing conducted on this type of plasma, or on any type of

positron-plasma system. For example, by stabilizing the i . .
center-of-mass mode with an active feedback systein, equal-mass plasma. Although the techniques described here

are not suitable for studying the properties of equal-mass

should be possible to measure the growth rate of higher- ; .
_Iasmas where the species have no net currents relative to

order modes. There may also be interesting effects at enegach other, this is likely to be the only experimentally acces-

gies below the instability onset. In this energy range, COId'sible system available for study in the near term. Experi-

fluid theory predicts that there is a band of energies at Wh'dr]nents of this type are likely to be of value in extending our

the growth rate is negative, and this should therefore have S‘nderstanding of the behavior of equal-mass plasmas. The

damping effect on the center-of-mass oscillations. By excite. 1 unaiion of the ability to efficiently accumulate and store

ing the center-of-mass mode to large amplltudes_ befpre_ th arge numbers of positrons with the technique described here
electron beam traverses the plasma, we could, in principa,

) Id el houl i iti
study these negative growth rates. b produce cold electron beams should provide opportunities

X : . to i ti her int i h in el -
Although this paper did not focus on the two-stream in- Oosli?r\:)is I?;;?na?st er interesting phenomena in electron
stability generated in the cylindrical trapreexamining this P P '
phenomenon using the cold electron beam will likely yield
interesting new insights. It is clear from the earlier experi-ACKNOWLEDGMENTS
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